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Subsequent invasion by CD163
ϩ /CD206 ϩ M2 macrophages attenuates M1 populations through the release of anti-inflammatory cytokines, including IL-10. M2 macrophages play a major role in promoting growth and regeneration; their absence greatly slows muscle growth following injury or modified use and inhibits muscle differentiation and regeneration. Chronic muscle injury leads to profiles of macrophage invasion and function that differ from acute injuries. For example, mdx muscular dystrophy yields invasion of muscle by M1 macrophages, but their early invasion is accompanied by a subpopulation of M2a macrophages. M2a macrophages are IL-4 receptor ϩ /CD206 ϩ cells that reduce cytotoxicity of M1 macrophages. Subsequent invasion of dystrophic muscle by M2c macrophages is associated with progression of the regenerative phase in pathophysiology. Together, these findings show that transitions in macrophage phenotype are an essential component of muscle regeneration in vivo following acute or chronic muscle damage. skeletal muscle; macrophage; neutrophil; muscular dystrophy; chemokines SKELETAL MUSCLE HAS A REMARKABLE capacity for repair, even following severe damage. Experimental findings show that crushing muscle, killing muscle by the injection of toxins, mechanical destruction caused by large, lengthening stretches, or killing muscle fibers by freezing can be followed by the successful regeneration of muscle that leads to recovery of normal structure and function. The regenerative capacity of skeletal muscle relies largely on the presence of a population of mononucleated, myogenic cells, called satellite cells, that retain their ability to proliferate and then differentiate to either fuse with existing fibers or with other myogenic cells to generate new fibers. Thus, perturbations to the processes that normally regulate the activation, proliferation, or differentiation of satellite cells following injury could impair the regenerative capacity of muscle.
Muscle regeneration consists of three major stages, all of which are regulated in part by the activities of a family of muscle-specific transcription factors in the basic helix-loophelix family (bHLH) (for reviews, see Refs. 52 and 59). These bHLH proteins include MyoD, myogenin, Myf4, and Myf5, each of which can heterodimerize with enhancer proteins, which thereby enables their binding to muscle-specific genes to activate their transcription. The first stage, called the proliferative stage, involves the activation of quiescent satellite cells, leading to their proliferation and expression of MyoD and Myf5 (17, 18, 27, 33, 134) . Although these bHLH proteins are present during the proliferative phase, they are held in an inactive state until the satellite cells exit the cell cycle and enter the early differentiation stage. At that time, myogenin and Myf4 expression is initiated, along with transcription factors in the myocyte enhancer binding factor-2 (MEF2) family (17, 18, 27, 33, 72, 124) . These factors and activated MyoD and Myf5 then drive the expression of muscle-specific genes that are necessary for muscle cell fusion and transition to the third stage, terminal differentiation. During terminal differentiation, muscle-specific genes are expressed at high levels as the multinucleated muscle cell differentiates into a mature fiber. Progression through these stages of satellite cell activation and differentiation is essential for muscle regeneration following major damage or disease in muscle. In general, the program of satellite cell activation and differentiation recapitulates embryonic development of muscle, with similar patterns of gene expression occurring during the differentiation of embryonic myoblasts and in satellite cells during muscle regeneration.
Although the regulatory mechanisms that affect skeletal muscle regeneration parallel those that occur during muscle development, the microenvironments in which myogenesis occurs varies dramatically between embryonic myogenesis and muscle regeneration. While immune cells are relatively scarce in developing skeletal muscle (1) , they can be present in regenerative muscle at concentrations that exceed 100,000 inflammatory cells/mm 3 of muscle tissue (129) . These immune cells are primarily myeloid cells that are activated, secretory cells capable of releasing numerous soluble molecules, especially cytokines, that can affect the viability and transcriptional activities of regenerative muscle cells. Despite the large number of myeloid cells that are present in regenerating muscle and their capacity to release complex mixtures of proteins that affect the transcriptional activity of target cells, the mechanisms through which they may modulate regeneration have only recently begun to be understood.
The goal of this review is to present and assess recent findings that have led to our rapidly growing understanding of the regulatory interactions between myeloid cells and regenerative skeletal muscle (Fig. 1) . Recent discoveries have shown that the response of the immune system to muscle injury and disease is a complexly regulated process, in which multiple myeloid cell populations participate and in which they regulate one another's function, as well as the regeneration of muscle.
Furthermore, both injured and healthy muscle cells in the damaged tissue participate in regulating the inflammatory response, and thereby indirectly influence their own regenerative process. We also contrast inflammatory processes that occur in muscle that is subject to acute perturbations that cause injury (acute injuries) with inflammatory processes that occur in diseased muscle, in which repetitive damage occurs over a prolonged period (chronic injuries).
Changes in Myeloid Cell Phenotype in Muscle Following Injury Coincide with Changes in Transcriptional Activities of Myogenic Cells
Acute muscle injuries initiate a predictable series of responses by specific myeloid cell populations. As in other tissues, Ly6Cϩ/F4/80-neutrophils are the first responders and begin to appear at elevated numbers within 2 h of muscle damage, typically peaking in concentration between 6 and 24 h postinjury and then rapidly declining in numbers. Following the onset of neutrophil invasion, phagocytic macrophages begin to invade, reaching significantly elevated concentrations at about 24 h postinjury and continue to increase in numbers until about 2 days postinjury, when their numbers begin to decline sharply (8, 16, 26, 80, 98, 109, 117) . Their invasion precedes the elevation of a population of nonphagocytic macrophages that reaches peak concentrations in the muscle at about 4 days postinjury but remains significantly elevated for many days (Fig. 2) .
Coincident with the flux of myeloid cells in muscle following acute injury, myogenic cells transition through a stereotypical pattern of expression of transcription factors and other genes that reflect muscle repair and regeneration (Fig. 2) . For example, injection of cardiotoxin (CTX) into mouse soleus muscle induced an increase in MyoD expression in satellite cells by 2 days postinjury followed by an elevation of myogenin expression at 3 days postinjury (51, 136) . In other injury models, MyoD expression was again highest at 2 to 3 days following muscle damage, while other transcripts that were upregulated during regeneration, such as developmental myosin heavy chain (dMyHC), appeared subsequently and continued to be expressed later in the regenerative process (65) . Although these fluxes in the expression of developmentally regulated genes coincide with changes in the populations of myeloid cells in the regenerating muscle (Fig. 2) , myeloid cells are not required for the process to occur in vitro. Assays of cultures that consist exclusively of myogenic cells show the same sequence of expression of developmentally regulated muscle genes. Studies of the activation of satellite cells on the surface of muscle fibers in culture showed that MyoD is expressed early in proliferating satellite cells, and myogenin and dMyHC appeared after the decline in MyoD expression and slowing of muscle cell proliferation (17, 134) . Furthermore, elevated expression of myogenin was transient, while elevated expression of dMyHC was persistent, as occurs in injured muscle in vivo (136) .
Although these in vitro studies show that the sequence of expression of developmentally regulated, myogenic genes occurs in the absence of myeloid cells, myeloid cells can clearly influence the magnitude and perhaps the timing of expression of at least some of these genes in vitro and in vivo. Factors released by cells of the monocyte/macrophage lineage can promote satellite cell proliferation in vitro (12, 62) . Furthermore, conditioned media from J774 macrophage cultures increased MyoD expression in myoblasts but also increased myogenin expression when applied to cultured muscle cells later in differentiation (13) , indicating that macrophages could promote both proliferation and differentiation of muscle cells. However, other studies show differing results. The addition of macrophages to cultures of myogenic cells yielded increased proliferation of myogenic cells but reduced the expression of myogenin (69) , suggesting that macrophage-derived products could inhibit muscle differentiation by affecting the transition from the proliferative stage to the early differentiation stage of myogenesis. Although the explanation for these reported differences in the effects of macrophages on myogenic cell differentiation have not been identified with certainty, part of the explanation may lie in unknown differences in the phenotype of the macrophages used in the assays.
Phenotypic Diversity of Macrophages in Regenerative Skeletal Muscle
Skeletal muscle, as other tissues, initially responds to injury with an innate immune response driven by Th1 cytokines. Cytokines expressed during Th1-driven inflammatory responses, especially interferon-␥ (IFN-␥) and TNF-␣, drive the classical activation of macrophages to an M1 phenotype that is a proinflammatory population capable of perpetuating the inflammatory response (see Ref. 31 for review). M1 macrophages can also promote muscle damage in vitro and in vivo by the production of cytotoxic levels of nitric oxide (NO) generated by inducible nitric oxide synthase (iNOS) (77, 123) . Early studies of muscle inflammation using the rodent hindlimb suspension/reloading model (HS/Rel) implicated M1 macrophages in the early stages of muscle injury (63, 64, 109) . Mild muscle injury and inflammation are produced in rodent hindlimbs when the animals' hindlimbs are returned to normal weight bearing after a period of unloading and atrophy (45) .
M1 macrophages express CD68
ϩ , which is a valuable, macrophage-specific marker for the M1 phenotype. Although CD206-expressing M2 macrophages can also express CD68 under some conditions (58) , this coexpression likely highlights the phenotypic and functional plasticity displayed by macrophages present in inflammatory microenvironments (73) . CD68 is functionally important for M1 macrophages. CD68, also called macrosialin (87) or ED1 antigen (20) , is a receptor for oxidized low-density lipoproteins (LDLs) and CD68 ligation of oxidized LDLs can activate phagocytosis by M1 macrophages and increase their production of proinflammatory cytokines (82, 89, 122) . In particular, oxidative modification of LDLs by myeloperoxidase (MPO) (140) promotes LDL binding to CD68, thereby increasing activation of M1 macrophages. LDL modification by MPO may be particularly important in regulating the process of tissue repair and regeneration in skeletal muscle; neutrophils that invade injured muscle in advance of M1 macrophages induce muscle membrane damage through the release of MPO (78) . This may be one of several important regulatory interactions that occur between neutrophils and M1 macrophages during the early stage of muscle inflammation. For example, neutrophils can also promote the cytolytic capacity of macrophages to lyse muscle cells (77) . This elevated lysis of muscle cells can then provide positive feedback to further promote phagocytic activity of macrophages that is stimulated by myoblast lysis (97) .
After M1 macrophages reach their peak concentration in injured and regenerative muscle, they are replaced by a population of M2 macrophages that can attenuate the inflammatory response and promote tissue repair. M2 macrophages are activated by Th2 cytokines; interleukin-4 (IL-4), IL-10, and IL-13 play particularly well-characterized roles in their activation (30) . M2 macrophages are a complex phenotype that has been divided into three subcategories that reflect functional and molecular specializations (61) . M2a macrophages are activated by IL-4 and IL-13 and can promote wound healing and tissue repair. M2b macrophages are activated by immune complexes or Toll-like receptors and release Th2, anti-inflammatory cytokines. M2c macrophages are activated by IL-10 and release cytokines that deactivate the M1 phenotype and can promote proliferation of nonmyeloid cells. Both M2a and M2c macrophages have been demonstrated in injured and regenerative muscle, indicated by their expression of CD206, present on both M2a and M2c macrophages, and their expression of CD163, which is present on M2c macrophages (123) .
M2-macrophage-specific CD antigens have now been associated with functions that are important in regulating macrophage activity and phenotype. For example, CD163 is a macrophage-specific receptor for complexes of hemoglobin and and changes in the expression levels of muscle-specific transcription factors, enzymes, and structural proteins in muscle (bottom) following acute muscle injury. The transition from a Th1 inflammatory response to a Th2 inflammatory response coincides with a transition from the early proliferative stage of myogenesis to the early and terminal stages of myogenesis. Experimental perturbations that disrupt the Th1 to Th2 transition also disrupt the transition from proliferative to differentiation stages of myogenesis, suggesting a functional linkage between differentiation in the myeloid compartment and myogenic compartment. PMN, neutrophils; M1, M1 macrophages; M2, M2 macrophages.
haptaglobin (46, 95) and ligation of CD163 can contribute to regulating macrophage phenotype by increasing the expression of anti-inflammatory cytokines, especially IL-10 (86). Furthermore, internalization and breakdown of the hemaglobin/haptoglobin complex can contribute to returning extracellular hemoglobin to nontoxic levels, thereby reducing cellular damage following injury (71) . Hemoglobin internalization and breakdown can also inhibit the production of cytolytic, free radicals by neutrophils and M1 macrophages because extracellular heme-Fe 3ϩ can catalyze free radical production through the Fenton reaction (56, 93) . Thus, CD163 ligation may contribute substantially to shifting macrophages from a M1 phenotype to an M2c phenotype, and it can reduce muscle damage mediated by free radicals. This transition could help set the stage for muscle regeneration following injury.
Similarly, CD206 mediates M2 macrophage functions that can lead to a reduction of muscle inflammation and damage. CD206 is a mannose receptor that binds and internalizes sugar moieties on molecules present at high levels in inflamed tissue. In the context of muscle damage and regeneration, MPO is an important ligand for CD206 (101) because it serves a prominent role in muscle membrane lysis that is caused by neutrophils (79) , and its ligation and internalization by M2 macrophages would reduce cytotoxicity. CD206 expression by M2 macrophages is promoted by anti-inflammatory cytokines, and its binding increases the expression of anti-inflammatory cytokines, leading to positive feedback that can enable M2 macrophages to more rapidly deactivate Th1 cells that are capable of free radical-mediated damage of muscle cells.
Do Neutrophils or M1 Macrophages Promote Muscle Regeneration by Phagocytic Removal of Cellular Debris?
Although free radical production by neutrophils and M1 macrophages in injured muscle contributes to muscle membrane lysis, free radicals also target tissue debris for phagocytosis. However, the importance of clearing debris for the subsequent regeneration of muscle is uncertain. On one hand, depletion of phagocytes by administering liposome-encapsulated clodronate slows removal of cellular debris caused by freeze-injury of muscle, but reportedly has no effect on regeneration (111) . In this case, regeneration was assessed by measuring relative levels of MyoD and myogenin expression in injured muscle at 3 days postinjury, which showed no difference between levels of these transcripts in depleted and nondepleted muscles. While that finding indicated that reductions in phagocyte numbers and their removal of cellular debris did not affect regeneration (111), the possibility remains open that other, untested indices of regeneration were affected by the phagocyte depletion, or perhaps treatment effects on regeneration would be evident at other sampling times.
In contrast, other investigators have concluded that reducing the numbers of phagocytic leukocytes from mice prior to muscle injury by toxin injection slows the removal of cellular debris and reportedly slows muscle regeneration (2, 114) . In one case (114) , depletion was achieved by targeting phagocytic cells with RB6 -8C5, a monoclonal antibody that binds Ly6C and Ly6G and can deplete neutrophils and monocytes. In the second case, CD11b-expressing leukocytes were targeted by injecting diptheria toxin into transgenic mice that expressed the diptheria toxin receptor gene driven by the CD11b promoter (2); this strategy could deplete all CD11b-expressing cells, including neutrophils, monocytes, and macrophages. In these latter two studies, regeneration in phagocyte-depleted, toxininjured muscle was evaluated by comparing relative quantities of central-nucleated muscle fibers (CNFs) in injured muscles of depleted and nondepleted muscles, finding more CNFs in muscles from nondepleted mice (2, 114) . However, central nucleation is a consequence of fiber injury, and not an independent index of regeneration per se. Thus, an alternative interpretation would be that phagocyte depletion reduced injury and the reductions in CNFs reflected a decrease in fiber injury caused by the depletion of cytolytic neutrophils and M1 macrophages. This alternative interpretation is consistent with many published findings showing that neutrophils and M1 macrophages can cause muscle fiber damage in vitro and in vivo. For example, muscle injury following a puncture wound with a needle was reduced by administration of functionblocking, soluble CD11b or antibodies to CD11b prior to needle puncture, and the reduced injury was accompanied by a reduction in neutrophils entering the damaged tissue (138) . Similarly, systemic administration of function-blocking, antiCD11b before applying mechanical injury to muscle was sufficient to reduce muscle fiber damage (10) . Thus, reductions of central nucleation in muscle fibers following injury of phagocyte-depleted mice may reflect both reductions in phagocyte-mediated damage and impaired regenerative capacity caused by slower removal of cellular debris.
Do Neutrophil-Derived or M1 Macrophage-Derived Molecules Modulate Muscle Growth and Regeneration?
Prostaglandins. Impaired regeneration of injured muscle in phagocyte-depleted animals may reflect a loss of neutrophil-or M1 macrophage-derived products that can promote muscle regeneration. Much of the early evidence for a relationship between the secretory activities of phagocytes and muscle growth and regeneration was based upon the observation that administration NSAIDs to subjects or experimental animals could affect the course of muscle repair (70) . NSAIDs are strong inhibitors of cycloxygenases (COX), and thereby impair the metabolism of arachidonic acid that is necessary for the synthesis of prostaglandins (8) . Prostaglandins are able to affect muscle cell proliferation (142), differentiation (96) , and fusion (141) , and can also modulate muscle fiber growth and the synthesis and degradation of proteins in muscle (104, 121) . Thus, perturbation of COX activity in either inflammatory cells or in muscle cells would be expected to have broad effects on muscle growth and regeneration following injury.
COX-1 and COX-2 are the most highly expressed members of the COX family in injured muscle (7) . Despite the ability of each form to drive prostaglandin synthesis, their roles in muscle regeneration are distinct. Cytokines and mitogens that are released in injured and inflamed tissues promote the expression of COX-2 in inflammatory cells so that the elevation of prostaglandin synthesis in inflamed tissue is primarily reflective of COX-2 induction (29) . In vivo studies show that COX-2 activation rather than COX-1 is primarily responsible for production of prostaglandins that affect muscle regeneration. For example, administration of a COX-2-selective inhibitor to mice experiencing muscle injury significantly slowed the growth of regenerating fibers during muscle repair, while COX-1 selective inhibition did not have a significant effect on fiber growth (7) . Similarly, null mutation of COX-2 slowed muscle fiber growth in the same muscle freeze-injury model (7) . Furthermore, COX-2 inhibition reduced MyoD expression in the regenerating muscle, suggesting a role for COX-2 in modulating muscle differentiation, as well as growth (7) . However, COX-2 inhibition also reduced inflammation, so that the treatment effects could reflect either loss of inflammatory cell-derived substances that promoted regeneration or result from direct effects on the muscle cells themselves. Although the relative importance of inflammatory cell-derived prostaglandins and muscle-derived prostaglandins in regulating muscle regeneration in vivo is not known, in vitro studies show that perturbations of prostaglandin production by muscle cells can explain many of the effects observed in muscle injury models in vivo. For example, COX-2 selective inhibitors and COX-2 null mutation reduce muscle cell proliferation in vitro (8, 67) , decrease myogenin expression (67, 100), decrease muscle cell fusion (67) , and prevent stretch-activation of muscle cell proliferation (81) in the absence of inflammatory cells.
Cytokines. Reductions in TNF-␣ signaling may be particularly important in contributing to impaired regeneration of neutrophil-depleted or M1 macrophage-depleted, injured muscles. However, predicting whether perturbing TNF-␣ functions in injured or diseased muscle will improve or worsen the progress of muscle regeneration is complicated by the myriad mechanisms through which TNF-␣ affects muscle inflammation and repair (Fig. 3) .
TNF-␣ has long been viewed as the quintessential proinflammatory cytokine, capable of classical activation of macrophages to the M1 phenotype, and thereby inducing the production of other proinflammatory, Th1 cytokines. Following muscle injury, the early invading neutrophil and macrophage populations express TNF-␣ (15, 137) , suggesting that the cytokine may contribute to the early inflammatory stages that precede muscle regeneration. TNF-␣ levels in muscle following acute injury peak at 24 h postinjury, which indicates that TNF-␣ production is most tightly coupled with the Th1 inflammatory response in injured muscle (126) . Because findings show that TNF-␣ induces iNOS in myeloid cells and that myeloid cell-derived NO can cause muscle fiber damage that occurs during the early, Th1 inflammatory response following muscle injury, TNF-␣ activation of inflammatory cells has been associated with promoting muscle damage. However, TNF-␣ levels remain elevated for nearly 2 wk following acute injury, indicating that TNF-␣ may also modulate the regenerative process (126) . Whether TNF-␣ release increases muscle damage or modulates regeneration appears to vary with the target of TNF-␣. TNF-␣ stimulation of macrophages that are present in the early, Th1 inflammatory response can promote their ability to lyse muscle fibers. However, the expression of TNF-␣ receptors by muscle cells themselves is elevated as a later consequence of injury, during the regenerative process, and enables the direct influence of TNF-␣ on muscle cells to modulate their proliferation and differentiation (137) .
Numerous experimental observations implicate the direct action of TNF-␣ on muscle cells in affecting muscle regeneration (Fig. 3) . For example, TNF-␣ null mutants and TNF-␣ receptor mutants show lower levels of MyoD and MEF-2 expression than wild-type controls following acute injury (14, 126) , suggesting that TNF-␣ may promote muscle regeneration by positively influencing both the proliferative and early differentiation stages of regeneration. However, the role of TNF-␣ in regeneration is not straightforward, and it appears that some aspects of the complex regenerative process may be inhibited by TNF-␣. For example, although the application of Fig. 3 . Activation of NF-B in muscle cells or macrophages can directly or indirectly influence muscle cell proliferation and differentiation. Th1 cytokines or oxidative stress can increase NF-B activation in muscle or macrophages. Those cytokines can then contribute to further activation of NF-B or they can act on muscle cells to affect their proliferation or differentiation. In general, NF-B activation increases proliferation and inhibits differentiation, increasing the expression of transcripts needed for cell cycle progression and by decreasing the expression or destabilizing transcripts needed for muscle to experience terminal differentiation. NO, nitric oxide; iNOS, inducible nitric oxide synthesis; ONOO, peroxynitrate; MEF2, myocyte enhancer binding factor-2; MHC, myson heavy chain.
exogenous TNF-␣ to myoblasts in vitro increases their proliferation (54); muscle cell fusion is inhibited by the cytokine, suggesting an inhibitory effect on the transition from the stage of early differentiation to terminal differentiation (35, 48, 49) . In vivo data also support a role for TNF-␣ in inhibiting muscle differentiation following injury caused by modified muscle use. Expression of a lung-specific, TNF-␣ transgene that elevated systemic TNF-␣ attenuated the expression of dMyHC in mice subjected to hindlimb unloading followed by 3 to 5 days of muscle reloading (50) . However, even these generally proproliferative, differentiation-suppressing effects of TNF-␣ are not always observed in muscle, and this variability may result from whether TNF-␣-induced effects are mediated through NF-B or other signaling pathways in muscle.
NF-B is a transcription factor that is typically present in the cytosol in an inactive form, bound to endogenous inhibitors. Stimulation of cells with proinflammatory cytokines, such as TNF-␣ and IL-1, causes the inactive form to disassociate from its inhibitor and translocate to the cell nucleus (see Refs. 28 and 74 for reviews). Similarly, exposure of cells to oxidative stress, in particular, nitric oxide (NO) or peroxynitrite (ONOO), can activate NF-B and cause its translocation. Once in the nucleus, NF-B can induce the transcription of iNOS, TNF-␣, and IL-1, which may then promote further NF-B activation, as well as elevate the expression of other inflammatory mediators such as CCL2 and IL-6 (28, 74) (Fig. 3) .
Activation of NF-B can inhibit myogenesis through several processes, although activation through at least one alternative pathway may contribute to maintaining populations of myotubes (4). Importantly, NF-B can promote the expression and stability of cyclin D1 in muscle (4, 35, 39, 132) , leading to increased cell proliferation and inhibition of differentiation. Furthermore, NF-B activation can cause destabilization of MyoD mRNA and degradation of MyoD protein (35, 49) , which would further impede muscle differentiation. The inhibitory effects of NF-B on muscle differentiation may also reflect its binding to the transcriptional repressor YY1, which suppresses the expression of myofibrillar genes (124) .
TNF-␣ can activate signaling through other pathways independent of NF-B to promote muscle differentiation instead of proliferation. Both IL-1 and TNF-␣ can activate p38 kinase (88) , and activation of p38 can promote differentiation. In particular, inhibition of p38 in skeletal muscle cells in vitro inhibits myocytes from fusing to form myotubes and reduces the expression of MEF2, myogenin, and myosin light chain kinase (139) , all of which indicate that p38 activation can promote muscle differentiation. Furthermore, increased activation of p38 increases the activity of MyoD (133, 139) (Fig. 2) . The ability of p38 to promote myogenesis relies, in part, on its ability to phosphorylate and increase the transcriptional activity of MEF-2 (37, 139). However, p38 activation can also inhibit myogenesis when other myogenic regulatory factors are phosphorylated and activated. For example, myogenic regulatory factor-4 (MRF-4) is a p38 substrate that positively regulates muscle differentiation but is deactivated when phosphorylated by p38 (110) . MRF-4, a member of the bHLH family of myogenic transcription factors, normally enhances expression of muscle-specific factors. However, the elevated expression and activity of p38 late in muscle differentiation leads to elevated MRF-4 phosphorylation and, as a consequence, a decline in desmin and skeletal ␣-actin expression (110). This negative effect of altered MRF-4 activation on muscle differentiation is also apparent in muscle regeneration in vivo. Overexpression of MRF4 in a transgenic mouse line caused defective muscle regeneration following injury (85) . Presumably, any regulatory role played by p38 in muscle regeneration following injury can be attributable to the p38␣ isoform; genetic ablation of all other p38 isoforms had no effect on muscle fiber growth during regeneration following CTX injection (92) .
TNF-␣'s function as a chemoattractant provides a further level of complexity in its function in muscle injury and regeneration. In vitro studies have shown that purified TNF-␣ can induce directional migration of myoblasts and satellite cells (120) . More recently, investigators have demonstrated that the chemoattraction of stem cells toward M1 macrophages could be significantly inhibited by neutralizing antibodies to TNF-␣ (60). Chemoattraction could be further inhibited by the presence of inhibitors to a high-mobility group box 1 (HMGB1) to the assays (60) . Stem cells used in these assays were vesselassociated mesangioblasts, which have been previously shown to be capable of contributing to muscle regeneration in dystrophic muscle (94) . Thus, these data indicate that TNF-␣ release by neutrophils and M1 macrophages at the site of tissue damage soon after injury would attract satellite cells and mesangioblasts to the injury site, thereby further promoting muscle regeneration.
Induction of IL-6 expression by NF-B activation is likely to provide an additional route through which the proproliferative, differentiation-suppressing effects of NF-B are mediated. For example, application of IL-6 to myoblasts in culture increases their proliferation but not cell fusion (125) . NF-B induction of IL-6 expression can also have profound effects on muscle differentiation and play functionally important roles in muscle growth by acting on later stages of the differentiation process. Recent findings show that the genetic ablation of IL-6 greatly slows muscle growth in a model of compensatory muscle hypertrophy in mice where the gastrocnemius tendon was sectioned to increase loading and growth in the synergistic plantaris muscle (99) . Although this treatment causes muscle inflammation (21) , which could be a source of IL-6 in the model, the investigators showed that Pax7-expressing cells in the overloaded muscle also expressed IL-6, suggesting that both muscle cells and Th1 myeloid cells could provide IL-6 that is important for muscle growth. Apparently, slowed growth in the IL-6 null mutant muscle reflected loss of normal muscle cell differentiation, at least in part. Although IL-6 ablation had no effect on the number of MyoDϩ cells, at 3 days of muscle overloading in vivo, the number of myogeninϩ cells at that time point decreased significantly (99) , suggesting that the transition from the proliferative stage to the early differentiation stage of myogenesis was impaired by the loss of IL-6 signaling. Thus, there are striking similarities in the functions of two of the major Th1 cytokines that are present at early stages of muscle regeneration and growth following injury or experimental perturbation that causes inflammation. Both IL-6 and TNF-␣ can increase myoblast proliferation, serve as chemoattractants for myoblasts and myeloid cells, inhibit myocyte fusion, and affect progression of activated satellite cells to the early differentiation stage.
Chemokines. Chemokines function most prominently in regulating the trafficking of leukocytes in response to injury and disease, as well as during normal, physiological events. Chemokines are small soluble molecules that are typically released by immune cells to act as chemoattractants and influence the activation state of inflammatory cells. These signaling molecules are categorized according to the number and distribution of cysteine residues near their amino terminus, leading to their designation as C, CC, CXC, or CX 3 C chemokines. Receptor binding by chemokines shows variable specificity and reflects some overlap of function. However, expression-profiling studies showed that chemokines in the CC class and their receptors are expressed most highly following muscle injury and disease, suggesting that they may be especially important in affecting muscle regeneration.
Several thorough investigations have provided strong evidence that CC chemokines play a significant role in regulating muscle regeneration following injury. Work by Simeonova and colleagues (127, 128) has been especially valuable in demonstrating a role for CC-chemokine signaling in muscle regeneration in vivo. These investigators showed a rapid and coordinated elevation in CC ligand-3 (CCL3), CCL4 and CCL2 and their shared receptors, CCR5 and CCR2 in muscle following injury, which slowly returned to control levels over the course of muscle regeneration. Using recovery of muscle force production as an index of muscle repair and regeneration, the investigators found that force recovery was significantly slowed in injured mice that were null mutants for CCR2, but not in CCR5 mutants. Similarly, mice injected with anti-CCL2 to block interactions with its receptor CCR2 showed slower functional recovery than uninjured, untreated mice. Although this work showed a role for CCL2/CCR2 signaling in muscle repair, whether the treatment effect was attributable to perturbation of the inflammatory response or myogenic response to injury was unknown. The question was especially pertinent because CCR2 is expressed by macrophages, endothelial cells, and dendritic cells, as well as on myogenin-expressing cells in the injured muscle (128) .
More recent findings have shown that disruption of CCL2/ CCR2 signaling in injured muscle may have multiple impacts on tissue response to injury that can lead to slower regeneration. Instead of the stereotypic inflammatory response in acutely injured muscle, CTX-injected muscles in CCR2-null mutant mice showed a greatly reduced invasion of macrophages into the injury site, while neutrophil numbers were elevated for a prolonged period (80) . In addition, injured muscles in CCR2 mutants showed persistent necrosis of muscle fibers and a slowed growth of fiber diameter at the injury site. However, revascularization was also slowed, introducing the possibility that impaired repair of vasculature in the null mutant mice could contribute significantly to the delay in muscle regeneration (80) . Defects in muscle regeneration of CTX-injured muscles in CCR2-null mice were reversed by bone marrow transplantation using marrow from wild-type donors into recipients receiving myeloablative irradiation before CTX-injection (112) . Regeneration was assessed by measuring cross-sectional area of CNFs, and associating a larger cross-sectional area with improved regeneration (112) . Central-nucleation has proven to be a valuable, morphological index of muscle regeneration, because the central position of myonuclei corresponds to their recapitulation of developmental programs of gene expression. The transplantation also restored macrophage numbers in the injured muscle to levels that were similar to those seen in injured, wild-type muscles (112) .
Defects in muscle regeneration caused by disruptions of CCL2/CCR2 signaling may also result from direct effects on myogenic cells. Because satellite cells in vivo express both CCL2 (90) and CCR2 (5) disruptions of CCL2-mediated signaling could presumably have direct effects on the regenerative response of muscle cells. Recent work provides strong support for this additional possibility (135) . The investigators showed that myoblasts constitutively express receptors for CCL2 (CCR2), CCL3 (CCR1 and CCR5), and CCL4 (CCR5), and that stimulation with either CCL2 or CCL4 was sufficient to promote myoblast proliferation. Furthermore, stimulation of myoblasts with CCL2, CCL3, or CCL4 was sufficient to induce phosphorylation and activation of ERK1/2. This outcome may be functionally important because ERK1/2 activation is a component of the pathway through which many mitogenic growth factors can stimulate cell proliferation. The investigators then continued by examining an in vitro injury model in which they scratched a row of muscle cells from a culture plate and found that application of CCL2, CCL3, or CCL4 to the preparation decreased the time needed for cells to repopulate the scratched surface (135) . Although the treatment effect could be attributable to increased cell proliferation, mobility, size or spreading, any of these functional effects could contribute to more rapid muscle regeneration in vivo.
What Initiates the Th1 Inflammatory Response in Injured Muscle?
The speed with which the Th1 inflammatory response is initiated following acute muscle injury is nearly too fast to require de novo transcription of signaling molecules to activate the process. Because each injury model that produces the stereotypic inflammatory response involves damage to the muscle cell membrane, perhaps passive release of a stored chemoattractant initiates the inflammatory response. Desmin, a muscle-specific intermediate protein, is a candidate signaling molecule because it is rapidly lost from muscle fibers following injury (55) , and it is able to activate the complement system (57) , which provides an extremely rapid mechanism for initiating the innate immune response. Furthermore, blocking complement activation by systemic administration of soluble complement receptor-1 prior to muscle injury reduces muscle inflammation and damage (26) .
More recent investigations indicate that direct, physiological perturbations applied to muscle cells may promote the rapid expression of chemokines that contribute to activation of the Th1 response to injured muscle. Application of periodic, electrical pulse stimulation or mechanical stretch to myotubes in vitro induced the release of CXCL1, CXCL5, and IL-6 (75, 76) . Although these perturbations were not injury models per se, they cause elevations of cytosolic Ca 2ϩ , which is also a consequence of muscle injuries caused by modified loading. Several observations support the possibility that CXCL1 or CXCL5 release from activated or mechanically perturbed muscles may contribute to activating the Th1 response to injured muscle and subsequent muscle regeneration. First, induction and release of the chemokines is rapid; both were present at elevated concentrations in the media of stimulated muscles within 3 h of stimulation (76) . In addition, both chemokines are chemoattractant to neutrophils, which become significantly elevated in muscle within a few hours of injury, and they would be sufficient to drive further the Th1 inflammatory response. Perhaps most provocative, the application of the CXCR2 antagonist SB-225002 to muscle cell cultures appeared to reduce levels of myogenin expression (76) , which may reflect an autocrine role for CXCR2 in promoting muscle differentiation. Although testing whether injuries induce CXCL1 or CXCL5 signaling by muscle cells has not yet been performed, these chemokines are strong candidate molecules for serving as early activators of the stereotypic inflammatory response to muscle injury.
Do M2 Macrophages Promote Muscle Regeneration?
The shift in macrophage phenotype from M1 to M2 populations occurs at a major watershed event in muscle regeneration, when there is a change from the proliferative stage to the early differentiation phase of myogenesis. Because the change in macrophage phenotype coincides with the change in regenerative stage and because M2 macrophages lie in close proximity to regenerative muscle fibers, the possibility that M2 macrophages regulate muscle regeneration has been long suspected (109) .
Several models substantiate a role for M2 macrophages in promoting muscle regeneration. For example, mice that were subjected to muscle damage in the HS/Rel model and were depleted of macrophages between days 2 and 4 of muscle reloading showed disruptions in muscle differentiation, repair, growth, and regeneration (119) . Normally, M2 macrophages greatly increase in numbers and M1 macrophages decline in numbers during the period of 2 to 4 days of muscle reloading. Depletion of macrophages during this period prevented increases in muscle fiber diameter that normally occur during reloading, prevented muscle membrane repair that occurred in nondepleted controls, and eliminated the appearance of CNFs (119) . Macrophage depletion also appeared to prevent myoblast differentiation. Normally, MyoD-expressing muscle cells decrease in number and myogenin-expressing muscle cells increase in numbers between days 2 and 4 reloading, reflecting the withdrawal of myogenic cells from the cell cycle, as they transition to early differentiation. Instead, numbers of MyoDpositive cells remained elevated, and myogenin expression did not increase in the macrophage-depleted muscles (119) . Collectively, the consequences of depleting the late invading macrophage population that is dominated by M2 macrophages diminishes muscle repair, differentiation, regeneration, and growth following injury in vivo. However, a limitation to this investigation was that the depletion protocol could also reduce M1 macrophage populations that remained in the muscle between 2 and 4 days of reloading. Although the myeloid cell population is dominated by M2 macrophages during this period, it is feasible that loss of M1 macrophages at this stage of regeneration may have also contributed to the treatment effect.
Subsequent reports further emphasize the importance of the Th1 to Th2 transition in the normal progress of muscle regeneration. Following muscle injury by notexin toxin injection, myeloid cells that expressed relatively high levels of Gr-1 and low levels of CXCR1 invaded the injured muscle, reaching peak numbers at 1 day postinjury and then declining to nearly control levels by 2 days postinjury (2). The muscle then experienced invasion by a population of Gr-1 low /CXCR1 high myeloid cells, beginning at 2 days postinjury and continuing to increase and remain elevated for at least 10 days postinjury (2) . Although the identity of the early invading, Gr-1 high /CXCR1 low cells was uncertain, several observations indicate that they may be neutrophils. One of the antibodies used for phenotyping, anti-Gr-1 binds Ly6G, which is expressed at high levels by neutrophils (19, 25, 38, 43, 103) . In addition, other investigators have shown that the inflammatory infiltrate in toxin-injected muscle is dominated by neutrophils at 1 day postinjury, and their numbers decline by 2 to 3 days postinjury (16, 80, 102) , as occurred for the Gr-1 high / CXCR1 low myeloid cells following notexin injection (2) . Furthermore, the Gr-1 high /CXCR1 low cells were nonproliferative, another characteristic of mature, activated neutrophils (115) . However, the early invading population expressed low levels of CXCR1, a receptor for IL-8 that is expressed constitutively in neutrophils but is also expressed by monocytes, cytotoxic T-cells, endothelial cells, and other cells in an inflammatory context to promote their activation and chemoattraction (9, 41) . Although neutrophils express CXCR1 constitutively, expression levels vary with activation stage of the neutrophils (91) , and the level of surface expression is greatly reduced following activation of the respiratory burst and induction of phagocytosis (22), so that the low levels of expression on the surface of early invading cells following toxin injection may reflect the stage of activation and differentiation of the cells, if they were neutrophils. However, it is feasible that the early invading population of Gr-1 high /CXCR1 low myeloid cells also included monocytes. Anti-Gr-1 also binds Ly6C, which is expressed by monocytes. In addition, monocytes do not express CXCR1 constitutively, which may explain the low levels of CXCR1 signal in the analysis. However, the kinetics of cell invasion is more similar to that of neutrophils in toxin-injected muscle (16, 80, 102) , and monocytes are proliferative cells in inflamed tissues.
Further analysis of the inflammatory infiltrate in notexininduced muscle injury confirmed the transition from a Th1 inflammatory response involving Gr-1 high /CXCR1 low myeloid cells to a Th2 response dominated by Gr-1 low /CXCR1 high myeloid cells. The latter population expressed the macrophagespecific antigen, F4/80, and showed many characteristics of M2 macrophages, including the expression of transforming growth factor-␤ and IL-10 (2). The characteristic expression of IL-10 in the late-invading macrophage population may be particularly significant in the context of muscle regeneration; administration of exogenous IL-10 to muscle cells in culture increases the proportion of cells that express myogenin and increases cell fusion (2) . Thus, the transition from an early Th1 inflammatory response to a subsequent Th2 response involving M2 macrophages provided a myeloid cell population that could promote muscle differentiation that characterizes later stages of the inflammatory response.
Other injury models similarly implicate the late-invading macrophage population in promoting muscle growth and regeneration as the muscle inflammatory response transitions from a Th1 to a Th2 response. Macrophage invasion into muscle that experiences CTX injection (80) or ischemia (16, 102) was nearly obliterated between 3 and 7 days postinjury in mice that were null mutants for either CCR2 or CCL2. These dramatic reductions in macrophage numbers were associated with delayed appearance of regenerative fibers significantly slower growth of muscle fibers in the region of the muscle.
More recently, strong experimental evidence has been provided to show that late-invading macrophage populations promote muscle growth and regeneration in vivo; transplantation of wild-type bone marrow into irradiated, CCR2-null mutant mice restored macrophage invasion and muscle growth following CTX-induced injury (112) .
What Regulates the Shift of Macrophage Phenotype in Injured Muscle?
The shift in macrophages from a M1 to a M2 phenotype following muscle injury appears to be important in changing the environment in the muscle tissue from one that promotes the removal of cellular debris and increases satellite cell activation and proliferation to an environment that promotes muscle differentiation and growth. Although little is known concerning the mechanisms that regulate this transition in macrophage phenotype in injured muscle, in vitro studies support the view that the phagocytic removal of tissue debris by myeloid cells can play a significant role. For example, macrophages that were driven to a M1 phenotype by treatment with IFN-␥ and lipopolysaccharide showed a reduction in TNF-␣ secretion and an increase in transforming growth factor-␤ (TGF-␤) secretion after phagocytosis of necrotic muscle cells, reflecting a shift toward a M2 phenotype (2) . Interestingly, the identity of the necrotic cells that are phagocytosed by the macrophage can affect whether the shift in macrophage phenotype occurs. Exposure of macrophages to lysed neutrophils greatly increases IL-10 production by macrophages, but exposure to lysed lymphocytes does not produce this effect, attributable to differences in the cytosolic proteins released by the two cell types following lysis (24) . However, a more important variable in determining macrophage phenotype switching following phagocytosis may be whether the target of phagocytosis is a necrotic cell or an apoptotic cell. Phagocytosis of apoptotic neutrophils, but not opsonized neutrophils, suppressed expression of IL-1␤, IL-10, and TNF-␣ and increased expression of TGF-␤, indicating a shift toward an M2 phenotype (23) . Similarly, apoptosis of apoptotic neutrophils, but not lysed neutrophils increased TGF-␤ secretion, while phagocytosis of lysed neutrophils but not apoptotic neutrophils, increased TNF-␣ secretion (24) . The time course of myeloid cell apoptosis in muscle following acute injury coincides with the shift in macrophage phenotype, which supports the speculation that phagocytosis of apoptotic cells may contribute to regulating macrophage phenotype in injured muscle in vitro. Apoptosis of inflammatory cells in the HS/Rel model of muscle injury and repair peaked at 2 days of reloading, returning to control levels by 4 days reloading (116) , while the shift from M1 to M2 macrophage phenotypes in this model occurred between days 2 and 4.
Do Immune Cells Regulate Muscle Repair and Regeneration in Chronic Myopathic Conditions?
Most current knowledge of immune cell function in muscle injury and regeneration is based on models in which muscle is subjected to acute damage, producing the well-conserved innate inflammatory response in which neutrophil invasion is followed by sequential waves of M1 and M2 macrophage populations. However, muscle inflammation that is dominated by a myeloid cell infiltrate is also a prominent feature of several, heritable, progressive muscle diseases, including Duchenne muscular dystrophy (DMD) (118) , congenital muscular dystrophy (6, 47) , and limb girdle muscular dystrophy 2B (66, 98) . Although macrophages (123 129) , mast cells (32) , neutrophils (40) , eosinophils (11, 131) , and cytotoxic T-lymphocytes (106) all contribute to pathogenesis in at least some of these chronic myopathic conditions, only macrophages and perhaps eosinophils are known to contribute to muscle regeneration.
The mdx mouse is a genetic model of DMD that has provided a valuable system for studying the role of macrophage phenotype switching in chronic neuromuscular disease. Mdx mice, like DMD humans, are spontaneous null mutants of the dystrophin gene, which leads to progressive muscle wasting and necrosis that is exacerbated by muscle inflammation (118) . Although dystrophin is normally expressed from the time of terminal differentiation of embryonic muscle throughout the life of a muscle fiber, neither muscle necrosis nor inflammation are apparent until 3 to 4 wk of age in mdx mice or about 3 years of age in DMD boys. In both DMD and mdx dystrophies, the onset of muscle histopathology coincides with the onset of muscle inflammation, which suggests that inflammatory cells may play a regulatory role in the pathology (129) . That possibility was supported by data showing that depletion of macrophages from mdx mice before the onset of histopathology caused great reduction in muscle pathology in 4-wkold mice (129) . Similarly, the slowing of muscle pathology in DMD by systemic treatment with corticosteroids also supports a role for the immune system in affecting the course of muscular dystrophy (3, 44) , presumably attributable to immunosuppressive effects of corticosteroids.
The course of inflammation at early stages of pathology in mdx dystrophy bears some similarities to the innate immune response that occurs in response to acute muscle injury. The initial population of myeloid cells invading mdx muscle is enriched in neutrophils and iNOS-expressing, phagocytic, M1 macrophages, reflecting their capacity to remove cellular debris produced by oxidative damage and produce Th1 cytokines capable of promoting the proliferative phase of myogenesis (123) . Furthermore, the expression of iNOS by M1 macrophages enables them to induce further muscle damage through production of cytotoxic levels of NO (123) . Unexpectedly, and unlike muscle inflammation following acute injury, the M1 macrophage influx is accompanied by contemporaneous invasion by M2a macrophages, which usually predominate at later stages of inflammation. Although M2a macrophages are typically associated with tissue repair, they appear to serve a different role in mdx muscle. In addition to elevated expression of transcripts such as IL-4 and CD206 that reflect M2 activation (30, 61) , the M2a macrophages expressed high levels of arginase (123) . Because iNOS in M1 macrophages and arginase in M2a macrophages share a common substrate, arginine, activity of the enzymes may feasibly be affected by substrate competition. In fact, the addition of M2a macrophages to M1 macrophage cocultures with muscle cells reduces the production of NO and greatly decreases M1 macrophage lysis of muscle cells (123) . Thus, M2a macrophages may reduce muscle damage caused by M1 macrophages that invade dystrophic muscle.
Mdx muscle transitions from an early necrotic stage at 4 wk of age to a stage in which necrosis is reduced and regeneration is a dominant process in the muscle. This transition in mdx pathology is accompanied by a transition in macrophage phenotypes from the early stage dominated by iNOS high /IFN-␥ ϩ M1 macrophages and Arg high /IL4R ϩ /CD206 ϩ M2a macrophages to a M2c population that is prevalent in the regenerative muscle (123) . These M2c macrophages expressed elevated levels of IL-4 and IL-10, which may reduce muscle damage and promote regeneration. As shown previously, IL-10 can deactivate M1 macrophages (30, 31) , which could reduce macrophage-mediated damage to mdx muscle (123) . IL-4 can also contribute to shifting macrophages from the cytotoxic M1 phenotype to the M2c phenotype that promotes tissue repair (30, 31) . However, IL-4 can also have direct effects on muscle regeneration, by promoting satellite cell activation and differentiation (42, 85) . Thus, M2 macrophages can play a central role in regulating regeneration in mdx dystrophy by attenuating the potentially cytolytic M1 phenotype and acting directly on satellite cells to drive their function in muscle repair.
Activation of the Th2 inflammatory response in mdx muscle may also affect muscle regeneration by induction of eosinophilia. Eosinophils are myeloid cells that are activated by the Th2 cytokine IL-5 and drive the innate immune response to parasitic infections or allergy. Although eosinophilia occurs only rarely and inexplicably in muscle disease, DMD and mdx dystrophies were found recently to involve muscle invasion by eosinophils (131) . Despite the original expectation that eosinophilia of dystrophic muscle was a nonspecific consequence of the Th2 inflammatory environment, eosinophils were shown to modulate injury and regeneration. In particular, genetic ablation of major basic protein-1 (MBP-1), a cytolytic protein expressed by eosinophils in dystrophic muscle, caused an increase in the numbers of cytotoxic T-lymphocytes in the muscle (131) . That finding is significant to mdx dystrophy because a Th1-driven, cellular immune response in which cytotoxic T-cells promote apoptosis of mdx muscle fibers is an early feature of the disease that is attenuated as muscle regeneration begins (106) . Thus, eosinophils may mediate the regeneration of dystrophic muscle by promoting the transition from a Th1 to Th2 inflammatory environment.
Why Does Muscle Inflammation Differ in Acute and Chronic Muscle Injuries?
While the inflammatory response to acute muscle injury is a stereotypical, innate immune response, the more complex response to chronic injury presents many unanswered questions (Fig. 4) . For example, why does inflammation of mdx muscle involve a cellular immune response that is not seen following a single crush, strain, freeze, or toxin-induced injury? Although . A: acute damage causes release of chemoattractant molecules that initially attract neutrophils (PMNs) or M1 macrophages (M1) into the muscle. Neutrophils and M1 macrophages promote further damage through nitric oxide (NO)-mediated processes. M1 macrophages also release cytokines that can promote satellite cell activation and proliferation. Neutrophils and M1 macrophages are then replaced by M2 macrophages that then promote muscle repair, differentiation and growth. B: during chronic muscle injury, the initial inflammatory response is similar to the response to acute damage, typified by neutrophil and M1 macrophage invasion. However, M2a macrophages invade contemporaneously and inhibit NO-mediated lysis by M1 macrophages and promote muscle fibrosis through arginase metabolism of arginine. M2 macrophages may also participate in activation of cytotoxic T-cells that are then able to promote muscle damage through perforin-mediated processes. The Th2 inflammatory environment also increases the activation of eosinophils (EOS) that contribute to muscle lysis through major basic protein-1 (MBP-1) mediated lysis. Eosinophils also increase muscle fibrosis through MBP-dependent processes and negatively regulate the cellular immune response to chronically injured muscle. speculative, the differences may reflect a breakdown in peripheral tolerance to self-molecules that can develop in chronic myopathic conditions but is highly unlikely to occur following a single, acute injury. Autoreactive T-lymphocytes are normally negatively selected in the thymus; however, if they escape to the periphery, they are normally eliminated by induction of apoptosis or rendered nonfunctional by the induction of anergy (108) . However, if cytotoxic T cells escape these mechanisms for producing peripheral tolerance to self-antigens, a cellular immune response will accompany the innate immune response to tissue damage. The presence of alloreactive cytotoxic T cells in mdx muscle (106) , the ability to transfer pathology from mdx mice to healthy mice by adoptive transfer of immune cells primed with muscle homogenates (107) , and the presence of a well-concerned peptide in the hypervariable domain of the T-cell receptor of cytotoxic T cells from DMD patients (34) , all support the possibility that a breakdown of peripheral tolerance occurs in muscular dystrophy. Alternatively, the lack of a cellular immune response following acute injury while cellular immunity is a component of muscular dystrophy may reflect the low traffic of cytotoxic T cells in healthy or acutely injured muscle. If an injuryassociated antigen were presented by an antigen-presenting cell following an acute injury, the low T-cell traffic through the muscle parenchyma would make the probability of presentation to a T cell low. However, if the damage and antigen presentation persisted as in chronic injuries, successful presentation of the antigen and activation of a cellular immune response would be more likely. Further work is needed to distinguish between these or other speculations.
Perspectives and Significance
Recent investigations into the interactions between muscle and myeloid cells now support a general model in which the central role for myeloid cells in muscle regeneration has become apparent. In particular, the transition between macrophages of the M1 phenotype to the M2 phenotype is a key event for the normal progression of muscle regeneration (Fig. 5) . Collectively, findings show that the initial invasion of muscle by neutrophils and M1 macrophages is necessary for normal occurrence of the proliferative stage of myogenesis at the onset of regeneration. Release of cytokines during the Th1 inflammatory response, especially TNF-␣ and IL-6, has a strong influence on the normal progression of the proliferative stage, and is apparently necessary for the transition to the early differentiation stage. Strong experimental evidence also shows that signaling via CCL2/CCR2 and perhaps IL-6 is required for normal recruitment of myeloid cells and satellite cells to the site of regeneration. However, in the absence of transition from the Th1 response dominated by neutrophils and M1 macrophages, to the Th2 response dominated by M2 macrophages, the regenerative process is arrested at a stage at which satellite cells are activated to proliferate and express early bHLH transcription factors, such as MyoD. Furthermore, failure to transition from the Th1 to Th2 inflammatory response is associated with greatly diminished ability of muscle cells to withdraw from the cell cycle and fuse to form myotubes following muscle injuries in vivo. Whether this arrest reflects the prolonged influence of differentiation-suppressing effects of Th1-derived factors or the absence of differentiation-promoting effects of Th2-derived factors remains unknown.
The complex and occasionally antagonistic phenotypes of myeloid cells in injured muscles emphasize the need to target specific populations of myeloid cells in therapeutic approaches that employ anti-inflammatory medications. This may be particularly important for the treatment of chronic muscle inflammation, such as DMD or mdx muscular dystrophy. DMD is most commonly treated with the anti-inflammatory corticosteroid, prednisone, which can reduce the extravasation of macrophages into the injured muscle (130) . However, the treatment effect may not be specific for a particular macrophage phenotype and therefore has the potential to impair regenerative processes, as well as reduce inflammatory cell-mediated damage. Indeed, administration of anti-inflammatory medications after acute muscle injury can delay muscle repair and regeneration under some circumstances (70) . Thus, improved therapeutics that rely on manipulating inflammation of injured or diseased muscle will be most effective when specific macrophage phenotypes are targeted at specific stages of the injury and repair process. However, those therapeutic advances will require an improved understanding to the functional diversity of myeloid cells in injured and diseased muscle.
Perhaps the most provocative question concerning the role of myeloid cells in muscle regeneration is: why are they so important for normal muscle regeneration? Satellite cells in vitro proceed rapidly through the proliferative and early differentiation stages of myogenesis, in the absence of myeloid cells or myeloid cell products, which contrasts with the surprising importance of myeloid cells in normal muscle regeneration in vivo. Presumably, this distinction reflects unique features of the microenvironment for satellite cells in injured muscle and illustrates limitations to extrapolating processes that regulate muscle proliferation and differentiation in vitro to regulatory processes that may be important in injured tissues in vivo. Discovery of the key molecules that distinguish the myogenic environment in vitro from the myogenic environment in injured muscle will provide an important advance in understanding the role of myeloid cells in muscle regeneration and growth.
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